High temporal ( 10 µs) and spatial ( 4 mm) resolution electron density profiles can now be automatically obtained on a between-shot basis from profile reflectometry data on the DIII-D tokamak. Fast, automated analysis is made possible by a new between-shot analysis package, details of which are presented. Analysis of X-mode data covering ∼0-3 × 10 19 m −3 with 1 ms duration data bursts every 5 ms for 5-6 s, for a total of ∼1000 profiles, takes 4-5 min, allowing the profiles to be viewed and used between shots. Additional details are provided of how the system density coverage at the above temporal and spatial resolution was recently expanded to (0-6.4) × 10 19 m −3 using a novel simultaneous, dual-polarization (O-and X-mode) measurement technique. Automatic (but not between-shot) analysis for the complete O-and X-mode data set (1.5 GB for each discharge, about 100 000 profiles at 25 µs temporal resolution) is available after the experiment. The improved capabilities of the system are illustrated using new results from a variety of areas such as edge localized mode dynamics, L-H transition and pedestal physics, impurity deposition and ITB studies, and direct comparisons with Thomson data are presented.
Introduction
Frequency-modulated continuous wave (FM-CW) reflectometry has been widely used in fusion studies for measurement of the electron density profile [1] [2] [3] [4] . It is a short-range, radar-like technique, measuring the phase or time delay of electromagnetic radiation reflected from a plasma cutoff layer. The diagnostic requires only limited spatial access with no requirements for neutral beam injection and is capable of high time and spatial resolution. It has been applied with increasing frequency on a number of machines to address physics issues where the detailed density profile evolution and structure is important, e.g. edge localized mode (ELM) studies [5] [6] [7] , ELM suppression physics [8] , MHD activity at rational surfaces [9] , RF-plasma interaction [10, 11] , quiescent H-mode (QH-mode) physics [12] , low-to-high (L-H) mode transition studies [13] and internal transport barrier (ITB) physics [14] . On DIII-D, a FM-CW reflectometer system has been developed by UCLA over a number of years to provide both core and edge density profiles with high resolution [1, 5, 10, [12] [13] [14] [15] [16] [17] [18] [19] . 3 Author to whom any correspondence should be addressed.
In this paper we report further significant progress in the development and utilization of this system, specifically with regard to: (1) development of a new, improved automated between-shot analysis capability, (2) additional details on the novel dual-polarization profile reflectometry technique recently developed [19] to expand the density coverage with high spatial and temporal resolution and (3) examples of results obtained with the expanded and improved system, illustrating the applicability of the measurements to multiple areas of physics interest. In addition, direct comparisons of reflectometer and Thomson data provide a benchmark with which to judge the performance of the improved reflectometer system. A significant advance reported here is the implementation of a new, improved between-shot profile analysis capability for DIII-D. Automatic analysis of reflectometer density profiles was first reported on JET [20] and has also been implemented on ASDEX-Upgrade [21] [22] [23] , DIII-D [16] [17] [18] and Tore Supra [24] . First reports of an automated between-shot profile analysis capability were from both DIII-D [16] and ASDEXUpgrade [22] . DIII-D analysis provides the ability to handle very large data volumes (e.g. more than an order of magnitude more individual profile measurements than on ASDEX), combined with improved reliability and accuracy. In the new DIII-D implementation, an automatic profile analysis code is run after each discharge, utilizing 10 Linux-based dual-processors. This analysis typically processes both Q-and V-band X-mode profile data, consisting of 1 ms duration data bursts every 5 ms over a period of 5-6 s. The analysis takes ∼4-5 min for about 1000 profiles, determined from ∼10 000 individual profile measurements, and is accomplished before the next shot. The analysed profile data are then saved into an MDSplus database, making the analysed profiles available for use on a betweenshot basis, significantly improving data availability and utility during experiments. In addition, automatic analysis of the complete data set (i.e. both O-and X-mode data), consisting of ∼100 000 profiles at 25 µs time resolution, can be done overnight after each experiment. As regards the dual polarization technique, this is a novel development in which both X-and O-mode polarized microwaves are simultaneously launched and reflected from different radii, expanding the density coverage available from a given set of microwave sources. As previously reported [19] , since 2004 the system has been upgraded from a single Q-band (32-50 GHz) sub-system with dual-polarization measurements to both Q-band and V-band (48-72 GHz) subsystems with dual-polarization measurements, expanding the high spatial and temporal resolution measurements to cover a density range (0-6.4) × 10 19 m −3 . In this paper we present new details of the analysis procedure with the dualpolarization data, as well as multiple examples of profile measurements made with the new expanded density coverage. The new measurements illustrate the successful operation of the expanded dual polarization system. With the improved density coverage the entire pedestal profile evolution can be measured through L-H transitions, ELMs, etc.
The remainder of this paper is structured as follows: expanded details on the novel dual-polarization technique are described in section 2, a description of the new betweenshot profile analysis capability, as well as current limitations is provided in section 3, automated (but not between-shot) analysis of the full combined O-and X-mode data sets is discussed in section 4, and finally a summary is presented in section 5.
Description of the DIII-D dual-polarization measurement technique
This section presents a summary of the novel dual-polarization measurement technique recently implemented on DIII-D, as well as additional details on the data analysis procedure implemented with this new system. A schematic of the essential components for one sub-system (Q-band or V-band) is shown in figure 1 . In the dual-polarization system, both Oand X-mode polarizations are simultaneously launched from a common solid-state microwave source [19] . Using two solidstate sources and active frequency multipliers (one Q-, one V-band) the density coverage of the high performance solidstate system has been dramatically expanded from (0-0.7) × With the new dual polarization measurement approach, the basic profile reconstruction technique described previously in [15] [16] [17] has had to be modified. In brief, the previous standard DIII-D profile inversion was as follows: the phase shift p (f ) of the reflected probing beam was extracted from the mixer signal employing digital complex demodulation (CDM) techniques [15] . According to standard electromagnetic wave theory for a one-dimensional plasma slab model, p (f ) is related to the plasma refractive index µ(x, f ) by:
where x 0 is the plasma starting position and x c (f ) is the cutoff layer. For the O-mode polarization, µ(x, f ) is given by
while the refractive index for the X-mode polarization, which depends on both density and magnetic field, is given by
where
ce is the upper hybrid frequency. From edge X-mode data, x 0 can be determined from the changes in the signal amplitude and frequency when the probing wave first encounters the right-hand cutoff layer [17] . The magnetic field distribution is obtained using the EFIT equilibrium solver. Knowing p (f ), B and x 0 , equation (1) can be solved numerically for n e (x), i.e. the density profile can be numerically reconstructed.
With the new dual polarization measurements, the basic profile reconstruction technique described above has been modified to the following: as before, the first (low) density portion of the profile is inverted from the measured X-mode phase shifts obtained from a combination of the Q-and V-band X-mode measurements. For this inverted edge profile, a set of O-mode phases is numerically calculated using equations (1) and (2), where the plasma start position x 0 can be obtained from edge X-mode data using the procedure described in [15] [16] [17] [18] . These calculated low density O-mode phases are then joined to the measured Q-and V-band O-mode phases (the two sets of phases always overlap in frequency space on DIII-D). Note that the phases contributed by the waveguide and vacuum paths are removed from the measured total phase shift, so as to obtain just the plasma induced phase shift. This is achieved by subtraction of the measured phase shifts of reflections from the DIII-D port shutter, which are determined each run day, plus a calculated phase shift between the shutter and the plasma start position. Finally, the density profile over the full (0-6.4) × 10 19 m −3 density range is reconstructed from this combination of measured O-mode phases and numerically calculated O-mode phases.
As an example of this process, we present here the dual-polarization reflectometer data analysis for shot 120055 at 2975 ms (an advanced tokamak (AT) discharge, with a suspected density ITB). The cutoff frequencies for this discharge at 2975 ms are shown in figure 2. Measured (X-and O-mode) and calculated (low density O-mode) reflectometer plasma phase shifts for discharge 120055 at 2975 ms are displayed in figure 3 . As can be seen, the low frequency/density O-mode phases, numerically calculated from the edge density profile as inverted from the X-mode data, are smoothly continuous with the measured higher frequency Q-and V-band, O-mode phase data. From the combined O-mode phase data shown in figure 3 , the final full density profile is reconstructed, which is shown in figure 4 . The final reflectometer profile shown in figure 4 is thus derived from a combination of four different data sets: Q-and Vband data in both X-and O-mode polarizations. Figure 4 also compares the inverted reflectometer density profile (solid line) with Thomson scattering data obtained at the same time (triangles), showing good agreement. The error bars in radius indicate the measured standard deviation of the profile data within a 1 ms averaging period, containing ∼40 individual profile measurements (the reflectometer profile shown in the figure is that determined from the average phase shift of these 40 individual measurements). That the error is attributed to radius rather than density follows from the fact that the reflectometer measurements are radar-like, with the primary uncertainty being in the measured distance. The intrinsic hardware and software induced position uncertainty of the reflectometer measurements can be directly determined from the measurements of the distance to the DIII-D port shutter. The standard deviation in this position measurement is ∼2 mm [17] . The position accuracy of the measurements is related to the S/N ratio by δr ∝ 1/ √ S/N [1] . In figure 4 , the larger error bars at smaller plasma radii are due to the reduction of the S/N ratio with the distance from the antennas and increasing plasma effects. Note that the Thomson scattering data are acquired S679 along a chord oriented vertically within the tokamak vessel while the reflectometer data are acquired along the mid-plane. Equilibrium flux reconstruction using the EFIT equilibrium code is used to map the Thomson data onto the mid-plane for comparison. The reflectometer data confirm with higher spatial resolution the central density, edge pedestal and large gradient around 1.9 m in major radius, i.e. there is an apparent ITB in the electron density profile at this time.
In order to minimize unwanted cross-talk from the orthogonal polarization, the O-and X-mode receiver antennas should be oriented so that their angles match the edge magnetic field pitch angle, while the launch antennas should be at a 45
• angle relative to the edge magnetic field direction. To this end, the microwave antennas are aligned for an average DIII-D edge pitch angle of ∼12
• and can be rotated to account for either direction of B T . In practice, of course, it is impossible to make the angles match exactly, because the edge pitch angles vary with time during a discharge and from experiment to experiment. Previously published tests with deliberate angular mismatches of ∼25
• showed the expected drop off in signal amplitude and enhanced cross-talk effects [17] . However, the possible mismatch angle on DIII-D is typically less than 12
• , at which level these effects are not expected to be severe.
Automated between-shot profile analysis and data acquisition improvements
In addition to the upgraded, dual-polarization measurement system described above, significant improvements have also been made to the data acquisition system and data analysis codes, so as to enable a new, improved between-shot profile analysis (improved relative to the previous DIII-D analysis capability [16] ). The data acquisition system has been upgraded using three high memory-depth Gage CS 12100 PC-based data acquisition boards (256 MS/board), with high sampling rate (50 MHz/channel in dual-channel mode). These large memory depths and high sampling rates are required in order to cope with the fast sweep rates/high IF signal carrier frequency employed in the DIII-D system (typical IF frequencies of ∼3-10 MHz), while also providing significant time coverage. This high performance data acquisition system can be flexibly configured with either continuous digitization, up to a maximum duration of 2.56 s at 50 MHz sampling rate, or in the 'burst' data acquisition mode, with ∼1 ms duration data bursts every 5-10 ms for up to 6 s, covering the whole of a typical discharge in DIII-D. The raw data are available in 1-2 min after each discharge. The raw data are first temporarily stored in the local PC and are then uploaded into the DIII-D main database for permanent storage.
In order to make profiles available to users as soon as possible during an experiment, a between-shot profile analysis capability has now been implemented for the upgraded reflectometer system.
The new between-shots analysis package is an evolution of the previous analysis approach [1, [15] [16] [17] [18] . The basic approach still employs CDM for the phase shift analysis [15] , range resolution filtering for removing spurious signals [1, 3] , and employs a robust technique for the determination of the edge 'zero density' profile start position [17] . To obtain accurate density profiles, the range resolution and profile smoothing bandwidths need to be optimized in the analysis program [1, 3] . The range resolution filtering is applied so as to remove any spurious signals originating at locations other than the desired plasma cutoff layer. The filter bandwidth is dependent on the sweep rate of the reflectometer system; typically, an IF 2 MHz band-pass filter is used for 25 µs full band sweep data, corresponding to an RF range resolution bandwidth of ∼0.4 GHz. A smoothing bandwidth is also applied to average the extracted phase shifts so as to increase profile precision. However, too much smoothing will smear the inverted profile, so again an optimum must be determined. Normally, a ∼1 GHz smoothing bandwidth is chosen on DIII-D.
The zero density starting position for profile reconstruction can be determined from signal amplitude and frequency changes observed when the probing wave first encounters the right-hand cutoff layer [17] . It is critically important to implement a robust algorithm to automatically and accurately detect the zero density starting position since the subsequent profile is reconstructed from that location. On DIII-D, an IF bandpass filter is applied to the Q-band X-mode signal over an rf frequency range from f ce at the wall to f ce at the separatrix, where f ce is obtained from the EFIT equilibrium code. The centre frequency for the filter is taken as the average carrier frequency in the selected range, while the frequency width is taken to be the same as the rms frequency width of the signal spectrum. The start RF frequency is assigned to be the frequency at which the filtered IF signal amplitude first reaches above a fixed criterion (typically ∼5% of signal maximum amplitude). Overall, in order to do between-shot analysis some parameters need to be pre-determined, e.g. the range resolution filter, smoothing bandwidth and the amplitude criterion for the determination of the zero density start frequency/position.
The between-shot analysis runs on 10 Linux-based dualprocessors (Dual-Xeon 2.66 GHz processors, 2 GB RAM each). concurrent jobs are complete, the inverted profile data are saved in the MDSplus database and are immediately available to users. The program then waits for the next shot. The analysis is fully automatic and robust. Currently, the analysis of X-mode data for 1 ms duration data bursts every 5 ms throughout an entire discharge of 5-6 s duration takes 4-5 min, completing before the next discharge. Thus, the betweenshot analysis typically provides ∼1000 average profiles per shot, determined from ∼10 000 profile measurements, using a typical averaging over 10 of the ∼40 measurements per 1 ms data burst, Because initiation of profile analysis has to wait for the completion of EFIT equilibrium and data acquisition, the analysed profiles are typically ready for viewing after ∼10 min, as compared with a typical DIII-D shot cycle time of 12-18 min. It is not yet possible to get between-shot inverted profiles with 25 µs temporal resolution over a 2.56 s duration, due to limitations in the available computational power, but this is not a fundamental limitation.
An example of between-shot X-mode data analysis, showing profile modification due to electron cyclotron current drive (ECCD) for an ELMing H-mode discharge (shot 123062), is shown in figure 6 , with the plasma current I p = 1.1 MA and toroidal magnetic field B T = 1.8 T. Shown in figure 6 (a) are density contours generated from a total of 800 profile measurements, covering 4 s of the discharge with 5 ms time resolution, where the colour curves represent different density layers. The line average density measured by a CO 2 interferometer is shown in figure 6(b) . The profiles are able to resolve the pedestal in this ELMing H-mode discharge. As the line average density increases, the colour curves move closer together, indicating a steeper edge pedestal profile. When ECCD turns on at 3160 ms, the density layers move inwards and increase in separation, indicating a decrease in edge density and gradient, consistent with the line average density decreasing. Interestingly, the pedestal recovers 400 ms after the start of the ECCD. When a locked-mode event occurs at about 4300 ms, large densitylayer movements indicates a significant modification (loss) of the edge pedestal, again consistent with an ∼40% drop in line average density. This example of between-shot analysed density profiles indicates how the data can help to quickly identify physics issues occurring during DIII-D operation. Note that the profile modification associated with individual ELMs cannot be resolved in this data set because of the low 5 ms time resolution (but this resolution is still higher than that provided by the Thomson scattering system on DIII-D). High time resolution reflectometer data showing profile modifications associated with ELMs are presented in the next section.
The reflectometer between-shot analysis has also been used to resolve the density profile evolution during CD 4 gas puffing experiments. On DIII-D, CD 4 gas puffing is used to study edge carbon deposition. The plots in figure 7 show a direct comparison of the density evolution in two discharges, one (123174) with a CD 4 gas puff and a reference case (123173) without the puff. The reflectometer density data are plotted at fixed radii with 5 ms resolution in figure 7(a) . The density evolution as measured by the Thomson scattering system, plotted over the same density range and at equivalent spatial locations, is shown in figure 7(b) . This direct S681 comparison of reflectometer and Thomson data shows that the reflectometer density data have a smaller measurement error (jitter) than the Thomson data, with superior time resolution (5 ms as opposed to 12 ms, respectively), such that the changes with the CD 4 puff are more obvious in the reflectometer data. From the data sets, it can be seen that, as compared with the reference case, the CD 4 puff produces significant density increases at smaller radii, with no apparent change outside the separatrix (the major radius of the last closed flux surface at the mid-plane is ∼2.26 m), for shot 123174. These results indicate that it is the interior plasma (R < 2.25 m) that is most affected by CD 4 gas puffing. In figure 7(c) , the line average density measured by the CO 2 interferometer is consistent with the results from both reflectometer and Thomson scattering measurements.
To date, however, automatic between-shot analysis has been limited to X-mode data from both Q-and V-bands. Between-shot analysis of the full set of X-and O-mode data has not yet been realized because of the additional effects encountered with O-mode data, such as microwave transmission (i.e. the probe frequency is above the peak plasma cutoff frequency in the plasma) and the loss of O-mode signal at some frequencies due to the absorption at the fundamental electron cyclotron (f ce ) layer. In transmission, the signalto-noise ratio is small, making the fringes ambiguous, while the signal is also unusable in regions of significant cyclotron absorption. For example, from the cutoff frequencies for shot 120055 presented in figure 2 , it can be seen that Omode RF frequencies larger than about 65 GHz should be in transmission, while frequencies below ∼37.5 GHz should be affected by cyclotron absorption as indicated by the shaded area. These points are illustrated in more detail in figure 8 , which shows the IF signal beat frequencies of both the O-and X-mode data sets obtained during a single RF sweep in shot 120055. Here, the beat frequency is defined as
where φ is the plasma phase shift and f is the RF frequency of the reflectometer. It can be seen in figure 8 that the Omode beat frequency changes significantly below 37.5 GHz, precisely in the predicted frequency range for cyclotron absorption effects (even though the very edge may be expected to be optically thin). The sharp change in profile gradient at the top of the density pedestal can be detected in the large change in the O-mode beat frequency at just over 50 GHz, as well as at 70 GHz in the X-mode beat frequency (dashed curve). The significant increase in the O-mode beat frequency above 67 GHz indicates the start of microwave transmission. Therefore, variations in the beat frequency can indicate the presence of absorption and transmission effects. However, these changes in the beat frequency are not unique and vary from shot-to-shot. In particular the extent of the region affected by cyclotron absorption effects varies strongly with density and magnetic field. We continue to search for a robust signature of the presence of these issues in the O-mode data, so as to completely automate the profile analysis.
Automatic analysis of combined O-and X-mode data
As mentioned in the last section, automatic analysis of the full combined X-mode and O-mode data sets has not yet been realized on a between-shot basis. However, successful, almost completely automatic analysis of such combined data can be done after each experiment, with manual human intervention limited only to pre-setting the O-mode data regions to be excluded due to the microwave transmission and cyclotron absorption effects described in the previous section. Indeed, that the profile analysis must be automated can be quickly realized when it is considered that the DIII-D profile reflectometer system routinely generates over 100 000 individual profile measurements per discharge. In order to show the power and applicability of the results obtained from the complete data set, covering An example of automated analysis of O-and X-mode data addressing ELM dynamics is presented in figure 9 . This figure shows the density profile evolution through a sequence of three Type-I ELMs. The profile evolution is depicted in figure 9 (b) via contours of constant density with 25 µs time resolution, The horizontal dashed line represents the mid-plane separatrix radius, and the ELM timing is shown by a D α signal from the divertor, figure 9(a) . During the ELMs, the SOL profile expands rapidly outwards, as indicated by the movement of the contour marked 1 in figure 9(b) . In contrast, the density profile inside the separatrix is flattened and the pedestal transiently collapsed, as indicated by the inward movement of the contours marked 2, 3 and 4. The minimal modification of contour 5 at the highest density indicates that the ELM profile modification is edge localized.
The density profile evolution measured by the reflectometer system during an L-H transition is illustrated in figure 10 for an upper single null discharge with I p = 1 MA and B T = 2.1 T. The D α signal, figure 10(a), indicates the L-H transition timing, while density evolution is represented via colour contours of fixed density as a function of radius with 25 µs temporal resolution as shown in figure 10(b) . During the L-H transition, the contours inside the separatrix move outwards, indicating an increase in the density pedestal gradient. Using a hyperbolic tangent function to fit each profile, both the pedestal width, figure 10(c) , and the maximum density gradient, figure 10(d), can be determined. As can be seen, the pedestal width in figure 10(c) decreases during and after the L-H transition, indicating the formation of the narrow, H-mode pedestal, while the maximum density S683 gradient, figure 10(d) ,simultaneously increases. Such detailed time evolution data are being used to study the L-H trigger mechanism.
Summary
Both hardware and software upgrades continue to be incorporated in the DIII-D FM-CW density profile reflectometer system. A new, improved between-shot automatic profile analysis capability has been implemented, and analysed profiles are stored in an MDSplus database for immediate use by the DIII-D experimental run team. In addition, automated analysis of the full set of combined O-and X-mode data is available after the end of each experiment. Additional details were presented on significant system changes associated with the use of dual-polarization measurements to expand the system density coverage to (0-6.4) × 10 19 m −3 . The increased system capability has expanded the range of physics issues which can be addressed, and successful measurement examples were presented from experiments focused on impurity deposition, ITBs, ECCD, ELM dynamics and L-H transitions.
